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ABSTRACT
An extensive laboratory and in situ investigation has been carried out aiming at studying the performance of deep mixing (column)
improvement of alluvial soft soil. The laboratory research was primarily focused on the choice of an appropriate binder and dosage for
the in situ application. Different binders (e.g. portland cement, composite cement, and blast furnace cement) in combination with
quicklime were used. The results of a series of Unconfined Compression (UC) tests showed that blast furnace cement performs rather
well in terms of strength and stiffness. The experimentation in situ consisted of instrumentation of trial embankments built both on
improved and nonimproved soil. A careful inspection of the actual columns confirmed the key role of lime on homogeneity of the
mixed zones and the good incorporation of cement into soil. Finally, the outcome of the monitoring of the trial embankments showed
that a settlement reduction of the order of 65% can be achieved at a binder dosage of 200 kg/m3. The lowest binder dosage of 100
kg/m3 was found to be insufficient to produce considerable improvement in the soil conditions studied here.

INTRODUCTION

NATURAL SOIL PROPERTIES

The Deep Mixing (DM) method with binders for stabilization
of soft soil was introduced about 3 decades ago in the
Scandinavian countries and Japan, almost simultaneously.
Back then, lime (mainly in Europe) or Portland cement
(mainly in Asia) were implemented. The binders were added
dry or wet in slurry, respectively.

The test site chosen for this research is located in Zwjinaarde
(Ghent). The soil profile in the area was defined by means of
in situ testing consisting of cone penetration test (CPT), in situ
vane test (FV) and dilatometer tests (DMT). Moreover,
undisturbed samples were obtained for laboratory testing such
as triaxial compression and oedometer.

Today, due to the growing demand for soil improvement and
for more challenging applications, a broad range of methods
can be recognized. The large number of existing DM
techniques have been classified by Bruce (2001) on the basis
of the state of the binder: wet (W) or dry (D); mixing
technique: pure mechanical rotary energy (R) or enhanced with
high-pressure jets (J); mixing tool action: mixing blade only at
the tip of the drilling tool (E) or along the shaft (S) over a
significant length.

The CPT logs (Fig. 1) have clearly shown the presence of soft
soil in the upper stratum. The profile consists of an 8m-thick
soft layer on top of a hard sandy clay formation from the
Tertiary. The soft layer shows a sequence of silt and clay with
sandy seams from 0 to 4m depth approximately. Moreover,
highly organic silty clay with sand and peat is found from 4 to
about 8m below the ground surface. Fig. 1 also shows the
proposed foundation level for improved columns just below
the interface between peat and tertiary clayey sand (about 8m
below the ground surface).

An extensive laboratory and in situ investigation was carried
out aiming at studying the performance of the DM technique
on alluvial soft soils very common in the Flemish region in
Belgium. In this investigation, the method implemented in the
field could be classified as a DRE, for indeed a dry composite
binder is transported by compressed air through a nozzle
located just above the mixing blades at the tip of the drilling
tool. The mixing process is therefore mainly mechanical.
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The undrained shear strength (cu) of the silty clay and the peat
at the site was determined by laboratory and in situ testing.
Fig. 2 summarizes all measurements. The undrained strength
profiles in the figure shows that cu ranges from 20 to 40 kPa.
The lowest values obviously correspond to the peat. Out of
such geotechnical characterization of the testing site, the
following soil types were selected for further investigation:
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The aim of the experimental study in the laboratory was to
evaluate the performance of several binders on the
improvement of mechanical properties (e.g. unconfined
compressive strength) of the selected soil types. Moreover, out
of this study a binder composition and dosage were chosen for
the in situ application.
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Fig. 1. Natural soil profile at the test site.
• Silty clay, that represents about 40% of the soil profile
along the proposed depth of improvement.
• Highly organic silty clay (peat), that represents about
45% of the soil profile along the projected columns.
Silty clay and Peat, together about 85% of the depth of
improvement, are the most representative soil types to evaluate
the strength of the deep mixing columns. Some physical
properties of these soil types are summarized in table 1.
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Fig. 2. Undrained shear strength profile of the natural
soil at the site.
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Unslaked lime (Lime)
Portland cement (CEM I 42.5)
Composite cement (CEM II/B 32.5)
Blast furnace cement (CEM III/B 42.5)

Portland cement here consists of 100% of granulated Portland
clinker and it has a nominal strength of 42.5 MPa. The
composite cement (CEM II/B) consists mainly of granulated
Portland clinker (about 70%) and a smaller amount of blast
furnace slag, fly ash and lime (nominal strength of 32.5 MPa).
Blast furnace cement (CEM III/B) consists mainly of blast
furnace slag (about 70%) and Portland clinker (about 30%)
and it has a nominal strength of 42.5 MPa.
The hydration process of each binder is different. Then, the
development of strength on mixed specimens was also
expected to show different patterns.
In order to identify the composition of a composite binder, the
following notation was used here: e.g. L/C-20/80 (150) CEM I
that denotes a binder with 20% (in weight) of unslaked lime
and 80% of CEM I. The binder dosage is given between
brackets and expressed in kg of binder per cubic meter of soil
(kg/m3) at its natural state.
The laboratory procedure for mixing and preparation of
specimens for testing was based on the recommendations of
the EuroSoilStab project (2001).
Specimens with a diameter φ=4.5 cm and a height H=9 cm
were prepared in four steps: homogenization, mixing,
compaction and curing.
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Table 1. Physical properties of the natural soil
Index
Liquid limit
Plastic limit
Plasticity index
Natural water content
Organic content
Natural CaCO3
content
Sand fraction, %
Wet density, g/cm3

Silty clay
65.5
22.8
42.7
45.0
1.7
5.1

Highly organic silty
clay
241.8
135.0
106.8
240.0
18-30
11.2

28.3
1.7

29.0
1.2

2

Silty clay

Each soil type was collected from borings and mixed together
in a dough mixer for homogenization. Then, this material was
stored in an air-tight container.

2500
2000
UCS (kPa)

Soil and binders were mixed in a dough mixer for 5 minutes.
This mixing time was enough to obtain a visually uniform
stabilized soil mass in all cases. Immediately after mixing,
specimens were prepared in split plastic moulds by static
compaction in three layers (a load of about 100 kPa was
applied to each layer for 10 seconds). However, for stabilized
peat showing a rather liquid consistency, specimens were
prepared by simply pouring the mix into the moulds without
additional compaction. Next, the moulds were sealed with a
paraffin film to avoid excessive loss of water. Specimens were
finally allowed to cure at a temperature of 20°C and under
water to prevent desiccation.
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Silty clay, that was available in large amounts, was mixed with
unslaked lime in combination with CEM I, CEM II/B and
CEM III/B. Peat was mixed with unslaked lime in combination
with CEM II/B and CEM III/B.
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Fig. 3. UCS of (a) silty clay and (b) highly organic silty
clay, mixed in the laboratory at dosage of 150 kg/m3.
The stiffness modulus Eu50 was evaluated based on external
LVDT strain measurements. Fig. 4 illustrates the results. In
general, a good agreement has been found; however, no clear
relation to the type of binder could be established. A stiffness
modulus Eu50≈162 UCS was found for both soils.
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Fig. 3 illustrates as well the development of the UCS of
stabilized peat with time. Clearly, the benefit of the lime here
was less significant as far as strength and mix quality are
concerned. The UCS improvement on samples stabilized with
CEM II/B seems to cease after 1 month, while specimens
mixed with blast furnace cement, CEM III/A, show a slow but
continuous increment. A ratio UCSstab/UCSnatural ranging from
2 to 3 has been evaluated after 90 days. Note that the
specimens have not been subjected to any surcharge loading
during the curing stage.
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Several unconfined compression (UC) tests have been carried
out at specific curing time intervals up to 90 days
approximately. Fig. 3 shows the results of testing for both soil
types, silty clay and peat.
It can be observed that the combination L/C-20/80 with blast
furnace cement (CEM III/B) gives the highest UC strength
(UCS) for stabilized silty clay. In fact, a ratio
UCSstab/UCSnatural ≈ 40 has been reached after 60 days with a
dosage of 150 kg/m3; moreover, UCS seems to keep
increasing. On the other hand, the combination L/C-20/80 with
Portland cement (CEM I) shows little improvement after the
first month; nevertheless, the ratio UCSstab/UCSnatural reaches a
value of the order of 12. Out of the results of stabilization with
CEM II/B it can be concluded that, the higher the amount of
quicklime in the mix the smaller the UCS; however, quicklime
plays a very important role on the quality (homogeneity) of the
mix, as the scatter of UCS decreases with an increasing
amount of lime.
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The proportions of binders used for the preparation of
specimens ranged from L/C-0/100 to L/C-100/0 (whenever
possible) and the dosage from 100 kg/m3 to 200 kg/m3. In this
paper, only results on specimens mixed at a dosage of 150
kg/m3 are compared and discussed.
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Fig. 4. Stiffness of stabilized soils
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IN SITU INSTALLATION AND INSPECTION OF TRIAL
DEEP MIXING COLUMNS
To the extent of controlling the in-situ quality of the mix, four
trial stabilized columns with a diameter φ = 0.6 m were
installed in the test site with the dry mixing technique (type
DRE, after Bruce, 2001). Figure 5 illustrates a scheme of the
mixing tool employed for this purpose.
During the installation phase, dry composite binder was
injected, by means of compressed air, at pressures not higher
than 5 bar through a tubing line down to the mixing tool. The
column is formed below the mixing tool when it’s lifted while
rotating.
The purpose of these trial columns was to evaluate the
performance of the installation machinery and also to inspect
the actual improvement more closely by (partially) excavating
each column and measuring the strength. Some details of each
column are listed below:
• Column 1, with a dosage of 85 kg/m3 of unslaked lime
(L/C-100/0).
• Column 2, with a dosage of 130 kg/m3 of cement (L/C0/100).
• Column 3, with a dosage of 130 kg/m3 of a blend
unslaked lime – cement (L/C-50/50).
• Column 4, with a dosage of 170 kg/m3 of unslaked lime
(L/C-100/0).

Fig. 6. Column 2 mixed with L/C-0/100 (130 kg/m3)

About 65 days after the installation of trial DM columns, a
visual inspection campaign was carried out. To this end the
columns were partially excavated and samples were obtained
along each column by using a coring technique.
Column 1 showed a rather uniform shaft diameter. Even
though the soil around the column had a quite plastic
consistency, the visual inspection showed that the binder (L/C100/0, 85 kg/m3) was properly mixed and distributed.

Fig. 7. Column 3 mixed with L/C-50/50 (130 kg/m3)
Binder feeding
nozzle

Mixing blade

Boring bit

Fig. 5. Mixing tool
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Column 2 mixed with 100% cement (CEM II/B) showed some
discrepancy on its diameter and shape (Fig. 6). A closer look
revealed that the quality of the mix was not as good as in
column 1, especially where the plasticity of the soil was high.
In fact, small grains of hardened cement could be found
everywhere as well as soft soil pockets.
On the other hand, Column 3 mixed with 50% lime and 50%
cement showed a very uniform, homogeneous and well shaped
shaft (Fig. 7). The quality of the mix seemed to be quite good
along the exposed portion of the column. A huge difference
could be established between this column and column 2.
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One would expect column 2 (mixed with 100% cement) to
show the highest strength, however the measured maximum
strength corresponds to column 3 (mixed with 50% lime and
50% cement). A probable explanation for this could be the fact
that cement on its own incorporates with difficulty into plastic
soils. The consequence is a heterogeneous mass with a weak
structure consisting of very hard and soft portions. This has
been also witnessed during the preparation of specimens for
laboratory tests.
However, when a blend lime-cement is used (i.e. L/C-50/50 or
L/C-20/80), the lime plays a very important role reducing first
the plasticity of the soil, facilitating in that way the
homogenization of the stabilized mass. That results clearly in a
stronger structure and higher strength. In fact, column 3
(mixed with L/C-50/50) shows the highest compressive
strength in the silty clay layer.
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Moreover, the results in Fig. 9 show that lime produces a
limited strength improvement. Columns 1 and 4, both mixed
with L/C-100/0, show similar results for the silty clay layer
even though the dosage in column 4 was doubled.

Fig. 8. Binder distribution in column 4
Column 4 mixed again with 100% quicklime showed a
uniform shaft diameter too, as it was the case for column 1.
Qualitatively, the binder seemed to be uniformly distributed
along the column. In order to actually measure the content of
lime at different depths a simple test using chloridric acid was
done on specimens sampled along the column immediately
after installation. Fig. 8 illustrates the results and confirms that
the binder distribution along the column, with the machinery
and installation procedure used, is reasonably uniform.

The role of quicklime in the organic layer was found to be less
important, clearly because plastic consistency was not an issue
for a good quality mix and the fact that lime reacts with clay
minerals (scarce in this material) to cause cementation. Then,
100% cement seems to be the most appropriate binder for this
material

MONITORING OF TRIAL EMBANKMENTS
As far as the strength of the mixed soil is concerned, figure 9
summarizes results of unconfined compression test carried out
on specimens cored from each trial column. Two specimens
from each column were sampled, one in the silty clay zone and
the other in the organic clay (peat) zone. The results are quite
consistent with the visual inspection.

UC tests on L/C column specimens (Age ~65 days)
Unconfined compr. strength [kPa]

300
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L/C-50/50
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200
150

L/C-100/0
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172.0 75.9

104.3 93.4

Fig. 9. Strength of specimens from trial columns
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From the laboratory research a choice was made for the binder
type for the improvement under the trial embankments. It was
decided to use a combination of quicklime/blast furnace
cement (CEM III/B 42.5) L/C-20/80 for silty clay and blast
furnace cement L/C-0/100 for peat.
Four trial embankments (15m x 15m) have been built. The aim
of these large scale loading tests was to study the performance
of DM columns as settlement reducers. Three zones were
improved with increasing binder dosages and a fourth zone
was left untreated to serve as a reference.
Fig. 10 illustrates the general layout of each embankment and
the binder dosage per layer and per embankment. The dosage
for the peat layer was fixed to 200 kg/m3 in all embankments,
while the dosage in the silty clay layer varies from 100 kg/m3
to 200 kg/m3. The spacing (axis to axis) between columns was
set to 1.8 m (3 diameters) in a triangular arrangement.
The embankment fill produced a net surcharge of about 30 kPa
on the foundation soil. Each embankment was provided with
settlement measuring devices consisting of a plate resting at
the base of the embankment and a long standpipe. A curing
period of about 2 months was allowed between the end of
column installation and the loading
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The laboratory research has shown that blast furnace cements
have a good potential for the stabilization of silty clay and
peat. A ratio UCSstab/UCSnatural ≈ 40 has been reached for silty
clay with L/C-20/80 (150 kg/m3) after 60 days. The tests on
peat show a slow but continuous improvement with a ratio
UCSstab/UCSnatural ranging from 2 to 3 after 90 days (on
specimens without surcharge loading during the curing stage).
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The visual inspection of trial columns in the field has stressed
the importance of the role of the quicklime on the homogeneity
(and therefore strength) of the stabilized mass, especially when
dealing with plastic soils such as silty clay.

Fig. 10. Scheme of trial embankments
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The monitoring of trial embankments (Fig. 11) showed that the
benefit of the columns on the settlements reduction can be
remarkable; a settlement reduction of about 65% was
evaluated for the highest binder dosage (200 kg/m3). On the
other hand, the lowest binder dosage of 100 kg/m3 was found
to be insufficient to produce considerable improvement of the
soil deposit studied here.
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Fig. 11. Settlement of trial embankments
As expected, the reference embankment (A) showed the largest
settlements and a very rational tendency was observed for the
trial embankments on improved soil (B, C and D).
One can see, even in this short-term monitoring, that the
settlement of the reference embankment (A) takes place
gradually with time due to consolidation. However, the
settlement of the treated zones is abruptly reduced after a
specific deformation. That shows the working of the columns
that take a portion of the surcharge on them. Moreover, it can
be concluded that the binder dosage for embankment B (100
kg/m3 in the upper layer) was found to be not high enough to
produce a significant settlement reduction. On the other hand,
embankment D showed a maximum reduction of about 65%.

CONCLUSIONS
Two soil types have been studied here: silty clay and highly
organic silty clay (peat).
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